In this paper, the internal flow field and external spray characteristics of the spray gun were simulated and analyzed by establishing a coupling model of the gas-liquid two-phase flow of the spray gun. The spray particle size and cone angle under different gas path pressures were mainly studied. The calculation results showed that the spray particle size distribution had a large span, but the overall spray particle size was small. The liquid flow and the air pressure had a little influence on the spray cone angle. The spray SMD was tested by a three-dimensional particle dynamic analyzer (PDA), and the spray cone angle was photographed with a high-speed camera. The test data was basically consistent with the simulation results. The experimental results showed that the model can accurately simulate the internal flow field of the spray gun and the atomization process of urea. It can be used to analyze the characteristics of urea spray and provide a theoretical basis for the optimal design of urea spray gun.
Introduction
With emission regulations increasingly stricter on pollutant emissions, Selective Catalytic Reduction (SCR) has become an important emission reduction technology that meets national V and above emission regulations [1] [2] [3] . SCR technology is also the flue gas denitrification technology that best meets China's national conditions and meets future emission regulations. SCR technology usually sprays 32.5% urea aqueous solution into the exhaust pipe, and then the urea is evaporated, pyrolyzed and hydrolyzed to NH 3 . The nitrogen oxides in the exhaust gas react with NH 3 on the catalyst surface to N 2 and CO 2 to reduce the pollution. The urea injection system can be divided into a gas-assisted and a non-gas-assisted type, the difference being whether the urea injection system has air-assisted. The gas-assisted urea injection system combined with a suitable nozzle can obtain a smaller and more uniform urea spray. The smaller the SMD (Sauter mean diameter), the better the urea decomposition, thereby improving the reaction efficiency of the SCR system and effectively reduce the risks of urea crystallization.
Numerical simulation is an effective method to shorten the development cycle SCR, and optimized it using experimental data, and proposed the optimal conditions for urea SCR in NH 3 /NOx ratio and temperature [5] . Nagaraj, N.S. et al.
used CFD code, Fire v8.3 to study urea spray, theoretically studied the evaporation of individual urea droplets, and used Lagrangian method to track droplet trajectories, and they simulated in different exhaust gas temperatures and injection position, at last the accuracy of the model was verified by experiments [6] .
Li Xiaomin et al. studied the distribution of flue gas fluid in the SCR system by establishing a mathematical model, and analyzed the flow field distribution with or without deflector [7] . A large number of studies on urea injection and spray have shown that the urea spray characteristics have an important impact on the overall performance of the SCR, but there are relatively few studies on the gas-liquid two-phase flow inside the spray gun.
In this paper, the flow field changes are simulated, and studied the spray characteristics under different gas path pressure. By comparing the simulation results and experimental results, the accuracy of the model is verified, and it could be used as a simulation platform for the performance optimization of the SCR system.
Establishment of Physical Model
The main working principle of the gas-assisted urea spray gun is to mix the compressed air and the UWS in the nozzle, and the mixture is sprayed from a uniform plurality of small injection holes. Due to the rapid fluctuation of the high-speed airflow, the liquid film impact is broken into fine droplet particles.
The smaller the droplet, the better the urea vaporization pyrolysis and the higher the urea decomposition rate. 
Geometric Model

Meshing and Boundary Condition Setting
Since the whole spray gun model has geometric axis symmetry, in order to reduce the number of grids to reduce the calculation time, the middle plane of the geometric model is simulated during the simulation to improve the simulation calculation efficiency, and the selected medium-surface fluid region mesh is shown in Figure 2 . working medium is UWS with a concentration of 32.5%, and the density thereof is about 1120 kg/m 3 . Since the physical properties of UWS are very similar to water, the surface tension coefficient and dynamic viscosity of UWS are set to 0.072 N/m and 0.001 Pa·s, respectively, with reference to the fluid properties of the water. For liquid droplet tracking, the S-Gamma model was selected in this paper. In order to meet the actual situation the gravity model was enabled, and then the gas-liquid two-phase flow of the urea nozzle was simulated.
The Basic Equation
The flow and interaction of the two-phase flow in the flow field mainly considers the gas-liquid two-phase mixing in the gas cap and the process of ejecting from the nozzle hole. The model follows the three equations of fluid mechanics [8] .
Continuity equation:
Equation of motion:
Energy equation:
The traditional turbulence model (k-ε equation) can be expressed as:
In the equation, G k represents the turbulent flow energy generated by the laminar velocity gradient; G b is the turbulent flow energy generated by buoyancy; Y M is the fluctuation due to the transition of the transition in the compressible turbulent flow.
The dynamic behavioral equation of a single cavitation in a liquid, Rayleigh-Plesset, can be expressed as [9]:
In the equation, R B is the bubble radius; S is the liquid phase surface tension coefficient; p v is the liquid phase saturated vapor pressure; p is the liquid phase confining pressure; ρ 1 is the liquid phase density.
Analysis of Simulation Results
By establishing a coupling model of gas-liquid two-phase flow and nozzle outlet flow field in the nozzle, the internal flow and spray characteristics of the nozzle are analyzed to predict whether the spray SMD meets the technical requirements of ≤50 μm. The accuracy of the model is verified by experimental tests, and the model used for optimization of nozzle structure and operating parameters. Figure 3 shows the distribution of gas-liquid two-phase flow inside the nozzle for different time periods. Before the injection is started, the spray gun is filled with air, and the liquid phase starts to move toward the spray hole. At this time, the gas-liquid interface is curved, the liquid phase and the gas phase collide at the inlet of the mixing chamber, and the liquid phase is torn by the compressed air and spread around. After entering the mixing chamber, the urea is further atomized by the expansion of the compressed air. The liquid phase is mainly concentrated on the centerline axis, and the volume fraction decreases along the radial direction, eventually reaching equilibrium.
Analysis of Two-Phase Flow Field in Nozzle
The liquid phase passes through the large passage, the reducer, the small passage, the mixing chamber, the spray hole, etc. from the inlet to the outlet. Due to the change of the cross section of the flow passage, the liquid phase is gradually accelerated, and it can be seen that the liquid phase is extremely low before entering the small channel, and the velocity of the small channel is slightly higher.
At the bottom of the small channel, liquid phase exchange momentum with the gas phase. At the same time, it is necessary for liquid phase to overcome the local and the resistance loss along the path. Therefore, the pressure is gradually reduced, and the pressure is rapidly reduced at the orifice because the flow rate is rapidly increased, as shown in Figure 4 . this time, the liquid and gas velocities are approximated, and the calculation result is shown in Figure 5 . It can be seen from the figure that the fluid velocity in 1.5 bar air pressure is 2 times higher than the velocity at 1 bar. And the speed is faster, which promotes the further breaking of the droplet particles. The fluid velocity at the same pressure has a slight decrease with the increase of the injection amount. The reason for the analysis may be that under the same gas pressure, the gas consumption decreases as the liquid flow rate increases, and there is more kinetic energy to break the liquid and accelerate the liquid from the compressed air.
Analysis of Two-Phase Flow Field outside the Nozzle
The physical parameters such as fluid velocity and nozzle pressure derived from the two-phase flow field in the nozzle are used as the boundary conditions for the spray characteristics simulation. According to the working environment of World Journal of Engineering and Technology the nozzle test, the single spray hole space is selected to simulate the spray particle size. The analysis results are shown in the table as Table 1 . The results of the average particle diameter values are shown in Figure 6 .
From the simulation results, it can be seen that the spray particle size distribution spans a large distance. The minimum particle size is 11.22 μm at 1 bar and the maximum particle size is 92.6 μm. The minimum particle size at 1.5 bar is 9.35 μm and the maximum particle size is 80.39 μm. As the axial distance increases, the droplet diameter gradually increases. The maximum and minimum particle sizes of 1.5 bar are both below 1 bar pressure. The reason is that the gas pressure is high, the fluid flows out quickly from the orifice, and the atomization is better. The average particle size at the same pressure has a slight decrease with the increase of flow rate, which may be due to the constant air pressure during the simulation. The increase of the liquid flow rate, the decrease of the gas flow rate, and then there are lack of sufficient gas kinetic energy to break the liquid. 
Spray Cone Angle Simulation
Urea crystallization is a very high probability of failure in SCR systems [10] [11] [12] . The spray cone angle has an important influence on the crystallization of the wall. The excessive spray cone angle may cause the urea to collide with the wall. The spray cone angle is too small, which may result in uneven distribution of NH 3 and reduce the conversion efficiency of SCR. The spray cone angles simulated by the experimental model in this paper are shown in Table 2 . It can be seen from Table 2 that the spray cone angle is substantially constant at different gas pressures and different injection amounts.
By processing the droplet distribution in the spray field, and taking the outer contour of the droplet group as the boundary condition of the spray, the nozzle cone angle can be obtained, and the spray cone angle can be approximated as 70˚, which is sandwiched by the nozzle axis. The angles are consistent, indicating that the amount of injection and the pressure of the gas path have less influence on the cone angle.
Test Verification
The spray particle size test uses a three-dimensional particle dynamic analyzer.
The instrument measurement range is 0.5 μm -3000 μm. The test method is shown in Figure 7 . The light path emitters can move accurately, and then the spray particle size and droplet speed at different positions can be collected by changing the position of the 3 test points.
The laser particle size tester was used to measure the spray particle size of different urea flows from different positions of the orifice at 1.0 bar and 1.5 bar pressure. The measurement results are shown in Figure 8 . Tests have shown that the spray particle size is basically equivalent at each flow rate, and the SMD is about 42 -49 μm, which is equivalent to the calculation result. It can be seen that the large flow spray particle size is smaller than the small flow particle size World Journal of Engineering and Technology at 20 mm from the nozzle. However, as the jetting distance increases, the large flow particle size exceeds the small flow particle size, which is presumed to be due to spray collision polymerization.
Shooting different flow sprays, roughly measuring the spray cone angle, the results show that the spray cone angles are similar, both about 70˚. And the calculation results are basically the same, as shown in Figure 9 .
Conclusions
1) The simulation model established in this paper can accurately simulate the gas-liquid mixing process in the urea spray gun, and can output the velocity of the fluid and the volume fraction of the two phases, providing boundary conditions for the flow field calculation outside the orifice.
2) The simulation found that the spray particle size is mainly related to the gas path pressure, and the larger the gas path pressure, the smaller the SMD. The gas-assisted SCR spray has a small particle size. The lowest and highest average particle diameters at 1.0 bar are 47.86 μm and 49.09 μm. The lowest and highest average particle sizes at 1.5 bar are 40.38 μm and 41.09 μm, and the overall size is less than 50 μm. The initial particle size distribution span is large, and as the axi-al distance increases, the droplets become uniform and the spray cone angle does not change with the pressure and urea flow.
3) The calculation results were verified by a three-dimensional particle dynamic analyzer. It was found that the spray particle size was 44 -49 μm at a pressure of 1.0 bar and the spray particle size was 42 -47 μm at a pressure of 1.5
bar. The error between the actual droplet SMD and the simulated droplet size does not exceed 5 μm. The actual spray cone angle is maintained at around 70˚, which is consistent with the model simulation results. It is necessary to further confirm the spray cone angle simulation and experimental verification of nozzles of different structures. In this paper, the two-phase flow model of the urea spray gun can accurately simulate the urea atomization process in practical applications. It can be used in practical engineering to provide a simulation platform for the overall design of SCR.
